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Abstract: Low-cost magnetic resonance (MR) sensors have in recent years been used to 
investigate a number of systems by measuring the relaxation times T1 and T2eff. These 
measured parameters vary in line with changes in many systems giving the investigator a 
useful non-invasive probe. While the use of MR for in-line or on-line process monitoring 
in the food industry is not a novel concept, much of the work conducted previously has 
involved acquiring spatially resolved data which requires a magnetic resonance imaging 
system. These are both expensive to purchase and maintain, occupy large amounts of space 
and present problems with safety. In this work we show the value that a very inexpensive 
magnet and coil geometry (<€200) can bring to process monitoring. A MR sensor utilising 
an eight-element Halbach cylinder with internal diameter of 10mm has been constructed 
giving a highly uniform magnetic field yielding a strong signal-to-noise ratio. It is shown 
to be useful for assessing the relaxation times of a range of relevant samples.  
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1. Introduction 
A use of magnetic resonance (MR) in a number of areas away traditional laboratory or medical 
environment has occurred in recent years due to the development of relatively low-cost permanent 
magnet systems. These ‘low-cost’ systems are cheap in comparison to the large superconducting 
magnets used for human imaging, and in fact there is a large spectrum of prices of permanent magnets 
systems depending on the required functionality. At a cost of thousands to tens of thousands of Euros 
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complex Halbach arrays comprising of tens of magnet can allow for sufficiently uniform magnetic 
field for imaging to be conducted [1]. Imaging provides the greatest range of analytical tools that 
magnetic resonance can offer, including spatially resolved internal structural details and information 
about diffusion within the sample. On the order of one or two hundred Euros a magnet and coil 
geometry comprised of a single bar-magnet [2, 3], or another simple magnet arrangement [4] can be 
produced. While these systems are incapable of imaging, and cannot detect an FID preventing NMR 
spectroscopy, they can collect useful relaxation data which can provide some indication of the samples 
properties.  
The monitoring of processes in the food industry is an obvious area where MR might prove to be a 
useful tool given the obvious advantages of having a non-destructive probe for a product intended for 
sale. Much of the existing literature on exploring foods with MR has focused on the information that 
imaging can provide [5], or the analysis of spectra [6, 7], however  studies have been conducted where 
relaxation times are used to investigate the properties of foodstuffs, such as some oils [8]. 
In this work a low-cost magnet and coil (<€200) based on an eight-magnet Halbach cylinder is 
presented. The Halbach cylinder has become an increasingly popular design for permanent magnet 
sensors given the very uniform magnetic field produced [1]. Successful operation of the probe is 
shown and a brief study on is presented where the T1 relaxation against glycerine concentration has 
been investigated. While glycerine is used in food preparation, for example some processed fruits, this 
sample was chosen as the T1 relaxation as a function of concentration is well understood [9] so 
provided a useful validation of the probes operation. 
2. Experimental Section  
2.1. MR Sensor Designs  
The MR sensor used was an eight element Halbach cylinder [10] where eight 130 x 8 x 5 mm N42 
magnets (polarized on the 8 x 130 mm face; first4magnets®, Tuxford, UK) were separated by 20 mm 
in the pattern shown in Figure 1a, generating a magnetic field of 362 mT at the center of the magnet 
arrangement corresponding to a proton resonant frequency of 15.4 MHz. This field changed by ±2 mT 
over the length of the coil in the axis of the magnet arrangement bore (corresponding to a 0.1 MHz 
change). The magnet arrangement was comprised of a mixture of 8 mm and 4 mm thick acrylic 
spacers. The spacers at the center of the arrangement had a larger aperture to accommodate the RF 
coil, fixing it securely in the center of the arrangement. 
For transmitting/receiving RF signals a 30 mm long, 15 turn solenoid using enameled copper wire 
(o.d. = 0.8 mm, Rowan Cable Products Ltd., Potters Bar, UK), was formed over a section of acrylic 
pipe (o.d. = 10 mm), and fixed in place at the center of the magnet arrangement (Figure 1(b)). The RF 
coil was part of a tuning-matching resonant circuit which included two 1 – 30 pF variable capacitors 
(Johanson Manufacturing Corporation, Boonton Township, USA). The RF coil and the capacitors were 
joined by a 0.8 m inductive tuning element. The RF pulse calibration determined an optimal 90° pulse 
as being 12.7 µs using the 100 W amplifier on a Kea 2 spectrometer (Magritek, Wellington, New 
Zealand), and 6 µs using the modified RM Costruzioni Elettroniche KL203 amplifier run with the 
Apollo spectrometer (Tecmag Inc., Houston, USA). 
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Figure 1. Schematic representation of the MR sensor. (a) Front-on view of the Halbach 
cylinder showing the magnet orientations. (b) Axonometric view of the MR sensor with 
relevant measurements. The RF was located at the center of the magnet arrangement. 
2.2. Experimental Protocol  
All magnetic resonance measurements were taken using a CPMG sequence. T2eff was acquired by 
taking 256 echoes, with an echo time (τE) of 300 µs and a repetition time of 6000 ms. 16 experimental 
repeats were averaged. T2eff was then extracted by mono-exponentially fitting the echo integrals to the 
time using Igor Pro (Wavematrics, OR, USA). 
T1 measurements were taken using a using a saturation recovery method, with the inter-
experimental repetition time between CPMG sequences varied between 25 ms and 6000 ms in non-
uniform increments.  The CPMG sequences were run with four echoes (τE = 175 µs), which were 
summed to improve the signal intensity. For each T1 measurement where the Kea 2 spectrometer was 
used 16 experimental repeats were taken and averaged, and 128 experimental repeats were recorded 
using the Apollo spectrometer. Signal intensity was plotted against repetition time and mono-
exponentially fit using Igor Pro to extract T1 values for the Kea data, and Matlab (MathWorks®, 
Natick, USA) for the Apollo data. Errors given for both T1 and T2eff values were taken from the error 
on the mono-exponential fitting unless otherwise stated. For all experiments the probe was situated in a 
copper clad box to reduce noise sources. 
2.3. Sample Preparation 
The solutions used in this study were made up from glycerine (Fisher Scientific, Loughborough, 
UK) and water (distilled) in six concentrations (0 %, 20 %, 40 %, 60 %, 80 %, 100 %). New glycerin 
was used to prepare samples to limit the absorption of water from the air. Once prepared four samples 
were extracted from the vial with 1 ml syringes (BD PlastipakTM, Franklin Lakes, USA).  
3. Results and Discussion 
A sample of sunflower oil was used to calibrate the optimal 90° pulse for the probe. After this the 
sample was replaced with a distilled water sample and the successful operation of the probe was 
determined by recording a T2eff measurement using a CPMG sequence, where T2eff = 12.8 ± 0.8 ms. 
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The first four echoes in this train have been shown in Figure 2a, with the entire sequence of echo 
integrals shown in Figure 2b. 
 
 
Figure 2. MR data collected from a CPMG sequence on the low-cost Halbach sensor. (a) 
Four echoes taken from a CPMG train. Note the dip on the 2nd, 3rd, and 4th echo indicating 
the contributions of off-resonance coherence pathways. (b) Echo integrals against time for 
the full train of echoes. 
It was interesting to note that despite the good SNR (clear echoes after one scan) the T2eff value for 
water was short when compared to other systems. While T2eff is influenced by a variety of factors a 
major contribution comes from the magnetic field homogeneity. An inhomogeneous field over the 
sensitive region within the sensor was possibly due to the size of the RF coil, which was 30 mm long, 
and a shorter coil may have yield a longer T2eff. This assertion was further supported by the echo shape 
shown in Figure 2a. While the first echo had an expected shape for an echo, the second echo had a 
visible dip at the center which would indicate a negative contribution from off-resonance coherence 
pathways. This dip became more pronounced on subsequent echoes, as would be expected. 
T1 values were then recorded. This was done using two spectrometers, the Kea 2 and Apollo, to 
show that the probe was useable on any system and not just under a very specific set of circumstances. 
The Apollo T1 values were averaged from the T1 measurements of four different samples for each 
concentration, with the errors bars being taken from the standard deviation of these values, in order to 
show the repeatability from sample to sample. The data from the two spectrometers was plotted along 
with literature values from Bloembergen et al. [9] as shown in Figure 3. 
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Figure 3. T1 relaxation times recorded for six glycerin-water solutions. T1 measurements 
taken using the Apollo spectrometer ( ) represent measurements from four samples (three 
for the 20 % solution) averaged together. Also shown are a set of measurements taken with 
the Kea 2 spectrometer  ( ) and values from the literature ( ) [9]. It was clear that the 
measurements recorded with the  low-cost Halbach are in good agreement with literature 
values. 
As shown in Figure 3, the results acquired using the low-cost Halbach are in close agreement with 
the literature values for both spectrometers. This showed that the probe was suitable for the collection 
of T1 measurements, and the characterization of materials where the makeup effects the T1 time.  
4. Conclusions 
A cheap (<€200) magnet and coil assembly based on a Halbach cylinder was constructed. T1 values 
were collected for six different solutions comprised of various concentrations of glycerine using two 
spectrometers. The values collected showed good agreement with literature values. Future work will 
see the probe applied to a practical food process monitoring situation. The initial investigation will 
explore the T1 relaxation time of different oil samples to see if a determination can be made. The high 
SNR and low cost of the probe also raises the potential of using it for other applications. 
Author Contributions 
This work involved three authors. M.I. Newton and R.H. Morris proposed the experiments, and 
reviewed and edited the manuscript. T. Hughes-Riley collected and processed the data and wrote the 
paper. 
Conflicts of Interest 
The authors declare no conflict of interest.  
References  
1. Danieli, E., Mauler, J., Perlo, J., Blümich, B., & Casanova, F. Mobile sensor for high resolution 
NMR spectroscopy and imaging. Journal of Magnetic Resonance 2009, 198(1), 80-87. 
 6 
 
 
2. Blümich, B., Anferov, V., Anferova, S., Klein, M., Fechete, R., Adams, M., & Casanova, F. 
Simple NMR‐mouse with a bar magnet. Concepts in Magnetic Resonance 2002, 15(4), 255-261. 
3. Cano-Barrita, P. D. J., Marble, A. E., Balcom, B. J., García, J. C., Masthikin, I. V., Thomas, M. D. 
A., & Bremner, T. W. Embedded NMR sensors to monitor evaporable water loss caused by 
hydration and drying in Portland cement mortar. Cement and Concrete Research 2009, 39(4), 
324-328. 
4. Hughes-Riley, T., Newton, M.I., Webber, J.B.W., Puigagut, J., Uggetti, E., Garcia, J., Morris, 
R.H. Advances in clog state monitoring for use in automated reed bed installations,  Lakes 
reservoirs and ponds 2014, 8(1), 52-65. 
5. Arola, D. F., Barrall, G. A., Powell, R. L., McCarthy, K. L., & McCarthy, M. J. Use of nuclear 
magnetic resonance imaging as a viscometer for process monitoring. Chemical engineering 
science 1997, 52(13), 2049-2057. 
6. Fauhl, C., Reniero, F., & Guillou, C. 1 H NMR as a tool for the analysis of mixtures of virgin 
olive oil with oils of different botanical origin. Magnetic Resonance in Chemistry 2000, 38(6), 
436-443. 
7. Maes, P., Monakhova, Y. B., Kuballa, T., Reusch, H., & Lachenmeier, D. W. Qualitative and 
quantitative control of carbonated cola beverages using 1H NMR spectroscopy. Journal of 
agricultural and food chemistry 2012, 60(11), 2778-2784. 
8. Xu, Z., Morris, R. H., Bencsik, M., & Newton, M. I. Detection of virgin olive oil adulteration 
using low field unilateral NMR. Sensors 2014, 14(2), 2028-2035. 
9. Bloembergen, N., Purcell, E. M., & Pound, R. V. Relaxation effects in nuclear magnetic 
resonance absorption. Physical Review 1948, 73(7), 679. 
10. Halbach, K. Design of permanent multipole magnets with oriented rare earth cobalt 
material. Nuclear instruments and methods 1980, 169(1), 1-10. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
